Asari (=Manila) clam, Ruditapes philippinarum, is the second bivalve mollusc in terms of production in the world and, in many coastal areas, can beget important socio-economic issues. In Europe, this species was introduced after 1973. In Arcachon Bay, after a decade of aquaculture attempt, Asari clam rapidly constituted neo-naturalized population which is now fished. However, recent studies emphasized the decline of population and individual performances. In the framework of a national project (REPAMEP), some elements of fitness, stressors and responses in Arcachon Bay were measured and compared to international data (41 publications, 9 countries). The condition index (CI = flesh weight/shell weight) was the lowest among all compared sites. Variation in average Chla concentration explained 30% of variation of CI among different areas. Among potential diseases, perkinsosis was particularly prevalent in Arcachon Bay, with high abundance, and Asari clams underwent Brown Muscle Disease, a pathology strictly restricted to this lagoon. Overall element contamination was relatively low, although arsenic, cobalt, nickel and chromium displayed higher values than in other ecosystems where 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
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Asari clam is exploited. Finally, total hemocyte count (THC) of Asari clam in Arcachon Bay, related to the immune system activity, exhibited values that were also under what is generally observed elsewhere. In conclusion, this study, with all reserves due to heterogeneity of available data, suggest that the particularly low fitness of Asari clam in Arcachon Bay is due to poor trophic condition, high prevalence and intensity of a disease (perkinsosis), moderate inorganic contamination, and poor efficiency of the immune system.
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3 intertidal bivalves, food availability directly depends on immersion time and plankton quantity (and quality). However many factors may disrupt the relation between trophic source and specific consumers. Competition with other suspension-feeders has been welldocumented (Fukumori et al., 2008; Troost et al., 2009 ). Many medium-scale experiments highlighted intra-and interspecific competition, mainly focusing on growth performance (Brock, 1980; Kamermans et al., 1992; Peterson, 1982; Ramón, 1996) , but also on condition index (de Montaudouin and Bachelet, 1996) which represents the ratio between the flesh weight and the shell weight (or volume). At larger scale, the strategy rather consisted in assessing the capacity of the environment to sustain bivalve production ("carrying capacity") (Dame and Prins, 1998; McKindsey et al., 2006; Sarà and Mazzola, 2004) .
Finally, co-occurring abiotic and biotic factors can impair bivalve fitness. Parasites are omnipresent in bivalve communities (de Montaudouin et al., 2000; Gam et al., 2008; Thieltges and Reise, 2007) . Clades like trematodes are prevalent in bivalves and rather considered as population regulators, although they may induce mass mortality (Jonsson and André, 1992; Thieltges, 2006) . In shellfish aquaculture, infectious diseases represent the first cause of mortality and can be related to few protozoan genuses (Perkinsus, Bonamia, Marteilia, Haplosporidium) , bacteria and virus such as Vibrio and herpes virus, respectively (Morley, 2010; Rowley et al., 2014) . Harmful algal bloom is another preoccupying source of stress impairing bivalve fitness, in interaction or not with other factors, e.g. parasitism (Lassudrie et al., 2014) . Bivalve communities, exploited or not, are mainly distributed along coastal systems where anthropogenic pressure can also exert strong constraints. As filterfeeders, bivalves are efficient bioaccumulators (Byrne and O'Halloran, 2001; Carroll et al., 2009; Lehtonen et al., 2006; Verlecar et al., 2006) . All kinds of pollutants may perturb bivalve physiology and impair their performances (Guerlet et al., 2010; Kim et al., 2008; Mearns et al., 2012) .
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The world production of marine bivalves in 2011 is ca. 12.8 million tons/year, when pooling fisheries and aquaculture statistics (FAO, 2014) . Three groups of bivalves (oysters, mussels and clams) represented ca. 78 % of the total aquatic production (FAO, 2014) . None are preserved from episodic or chronic crisis (Carnegie, 2005) . Factors responsible of mass mortality are often identified, pathogen or drastic environmental changes for instance.
Conversely, the responsibility of bad performances (deficit of growth, condition index, recruitment) is much more difficult to identify, due to the diversity of factors interacting within their habitat (as described above).
The Asari clam (Ruditapes philippinarum) originates from Indo-Pacific waters. Since 1930, it has been introduced into different part of the world (Flassch and Leborgne, 1992) . In Europe,
R. philippinarum was primarily introduced in France for culture purposes in 1972 and later to
England, Spain and Italy (Flassch and Leborgne, 1992) . Within a few years, this bivalve established neo-natural populations in most southern European countries. In France, Arcachon
Bay population ranked first in terms of biomass and exploited stock (Sanchez et al., 2014) .
The exploited stock was steadily declining (1159 t in 2008 vs 723 t in 2012) causing a crisis for fishermen and a drop of fishing licences. Deficit of growth, condition index and recruitment were quantified (Dang et al., 2010b) . Among possible factors involved in these bad performances, diseases were evoked although their prevalence and intensity cannot explain alone this chronic crisis (Binias et al., 2014b; Dang et al., 2013; Dang et al., 2008) . Two major problems were encountered. Firstly, most studies dealt with one type of factor (e.g. parasitism or chemical contaminants or harmful algal bloom, etc.) and did not provide data concerning other co-occurring stressors. Besides, the description of physical factors was usually scarce even for basic hydrological parameters like temperature, salinity, emersion time. Similarly, the presence of pathogens, pollutants, phycotoxins was analysed in terms of prevalence, levels or bioaccumulation but was rarely related to bivalve fitness. Conversely, studies dealing with fitness were rather (usually) in the framework of a population dynamics concern and did not take into account environmental stressors.
The second main difficulty was related to the heterogeneity of methods and units among studies, e.g. fresh flesh weight vs. dry flesh weight, whole body measurement vs. single organ measurement, parasite intensity (= number of parasites per infected individual) vs. parasite abundance (= number of parasites per individual), different spatial and temporal scales, etc.
Finally, in order to compare the parameters that were measured in Arcachon Bay to international literature, we had to restrict our analysis to: 1) condition index for fitness evaluation; 2) Chla concentration in the water for environmental data; 3) perkinsosis (no comparison for Brown Muscle Disease which only exists in Arcachon Bay); 4) twelve trace elements; and 5) total hemocyte count (THC) as a response to stress (Table 1) .
Materials and methods
Study site
Arcachon Bay is a 180-km 2 semi-sheltered lagoon on the southwest Atlantic coast of France ( Fig. 1) . It is subjected to continental water inputs through mainly the Leyre River but M A N U S C R I P T
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6 also many streams situated around the lagoon. In parallel, the lagoon receives marine waters from the Atlantic Ocean. Muddy intertidal flats colonized by Zostera noltei sea grass bed dominate the inner part of the lagoon (110 km 2 ) whereas intertidal sand flats (Arguin, Fig. 1) are situated at the mouth of the bay. For this study, Arcachon Bay was divided in two sites:
"Arcachon lagoon" (156 km²) and "Arguin" (24 km²) under oceanic influence. R.
philippinarum is, in terms of biomass and excluding oyster culture, the dominant species of intertidal flats. The species inhabits both Arcachon lagoon and Arguin.
R. philippinarum condition index
Among the different possible condition indices, we selected the most consensual one for R. philippinarum : CI = dry flesh weight (mg)/dry shell weight (g) (Walne and Mann, 1975) .
Beyond R. philippinarum analyzed in the REPAMEP project in 2012 (Binias et al., 2014b) , four other recent studies in Arcachon Bay were considered and compared as well as with ten others in the world based on the same CI calculations (Table 1) .
Chla in the water
Chla concentration (in µg.L -1 ) was the only environmental factor which average values could be found in a sufficient number of sites where R. philippinarum condition index was available. All data are from the literature (Table 1) .
Diseases
In the framework of REPAMEP project, R. philippinarum was manually sampled at 39 sites in Arcachon Bay (Autumn 2009), at low tide (Binias et al., 2014a) . Clams were found in 33 of these sites ( Figure 1 ) and Perkinsus olseni abundance was estimated using the protocol M A N U S C R I P T A C C E P T E D respectively). Gills were incubated for at least one week in the dark at room temperature.
After this time, the FTM was discarded following centrifugation (10 min-800 × g). Gill tissues were digested twice with 2 N NaOH at 60 °C for 1 h. After centrifugation (10 min-800 × g), the supernatant was discarded and the pellet washed twice with a sterile solution of
Phosphate Buffered Saline and resuspended in 1 mL of the same solution. Perkinsus sp.
hypnospores were enumerated on a Malassez counting chamber by light microscopy. The two parameters that could be compared with the literature were abundance and prevalence (Table   1 ). Abundance is defined as the number of cells per gram of wet gill tissues of analyzed clams and prevalence as the percentage of infected clams.
R. philippinarum from Arcachon Bay is also impacted by Brown Muscle Disease (BMD).
Benefiting from a resource monitoring (Sanchez et al., 2013) 
Data treatment
Results from Arcachon Bay were compared to 50 references from the literature on R. 
Results
Condition index and relationship with Chlorophyll a concentration
Condition index inside Arcachon lagoon was comprised between 32 and 46 ( Fig. 2 ). This range is below those recorded at Arguin (out of the lagoon, in the oceanic part) (55 to 70) and those in other sites in the world (51 to 103).
When pooling all available data in the literature (Table 1) 
Perkinsus olseni prevalence and abundance
Comparing available data ( 
Brown Muscle Disease (BMD)
Estimation of BMD prevalence in Arcachon lagoon during REPAMEP project was 4% of individuals with shell length ≥ 23 mm, with high spatial heterogeneity. These results are not presented in the present paper because this disease was not described elsewhere.
Trace element concentrations in clams and sediments
R. philippinarum from Arcachon lagoon displayed maximal seasonal concentrations of nine trace elements 2 to 4 times higher than those from Arguin, namely Al (×2.5), As (×2), Cd (×3), Co (×2), Cr (×2), Cu (×2), Hg (×4), Mn (×3), and Ni (×2; Table 2 ). Conversely, Ag, Pb and Zn reached similar concentrations in the lagoon and at Arguin.
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In parallel, four elements reached higher maximal concentrations in Arcachon lagoon compared to other sites from the literature. Arsenic concentrations in the lagoon were 2-fold higher compared to Venice lagoon but are in the same order of magnitude as in Marano lagoon, Italy ; Table 2 ). Concentrations of cobalt in Arcachon lagoon were also twice those previously recorded in Venice and Marano, Italy (Moschino et al., 2012; Sfriso et al., 2008) but was largely below concentrations in Korea . The highest nickel concentrations in Arcachon lagoon was two-fold the highest concentration recorded in other sites, i.e. in Kyeonggi Bay, Korea . Finally, chromium maximal concentration in Arcachon lagoon was above all other studied sites, from 1.5 to 40 fold.
Concerning sediment contamination, all trace element concentrations (As, Co, Cu, Mn, Ni, Pb, Zn) were higher in Arcachon lagoon than in Arguin (Table 3) . For example, Ni maximal mean concentration in the lagoon was approximately 18-fold higher compared to those in Arguin. Concentrations of arsenic had also a tendency to be higher than in Italian sites. Pb and Zn maximal mean values were above other studied sites with the exception of the Venice lagoon (Table 3) .
Immune response: total hemocyte count (THC)
THC in R. philippinarum from Arcachon lagoon is in the lower range of values recorded in the literature (Fig. 6) . Indeed, THC reached maximal mean values of 800 000 cell mL -1 while those of Brest and Marennes-Oléron reached 2 400 000 and 1 750 000 cell mL -1 , respectively. The highest value was however observed in Southern Puget Sound, USA, with clams reaching 4 100 000 cell mL -1 (Allam et al., 2001 ).
Discussion
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Condition index and relationship with Chlorophyll a concentration
Condition index (CI) of bivalves gives a comprehensive idea of the fitness of the population (Beninger and Lucas, 1984; Marin et al., 2003) . Ruditapes philippinarum CI values in Arcachon Bay are about half of what is observed in other parts of the world ([32-46] vs. , respectively, see references in Table 1 ) which suggests a particularly poor fitness. Other authors used morphological characteristics as a proxy for nutritional conditions (Caill-Milly et al., 2012 and Watanabe & Katayama, 2010) . Our results are consistent with such previous approach for which the globularity of the shell observed for Arcachon was in accordance with phenotypic changes under "unfavorable" conditions. This deficit of CI is not the only worrying parameter: recruitment and individual growth that were assessed in previous studies also highlight low values (Dang et al., 2010b; de Montaudouin et al., 2010) .
Two non-exclusive hypothesis can be evoked, genetic and/or phenotypic (Peterson and Beal, 1989) . R. philippinarum was officially introduced at a single occasion in 1972 (Flassch and Leborgne, 1992 ) and a genetic impoverishment of the population could be expected.
However, transplant experiments showed that Asari clams transported from the lagoon to the more oceanic area (Arguin) recovered in terms of CI (de Montaudouin, 2013) and growth (Dang et al., 2010b) , even when they were parasitized by Perkinsus (Dang et al., 2010a) .
These results suggest a high phenotypic plasticity, i.e. that environment explains a significant part of R. philippinarum poor performances in the lagoon.
The only environmental parameter that could be statistically tested in relation with CI was the average concentration of Chla in the water. Primary production is associated with bivalve production including CI (Gam et al., 2010; Ivell, 1981; Möller and Rosenberg, 1983) .
Arcachon Bay is known as a mesotrophic lagoon with annual average Chla concentration of ca. 2 µg.L -1 (Glé, 2007) . In this study, it is one of the lowest values recorded in waters where R. philippinarum is exploited and explains 30% of CI variability among investigated sites.
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This trophic deficit could be exacerbated by the intertidal position of R. philippinarum, emersion being a disadvantage for suspension-feeder growth (de Montaudouin, 1996; Peterson and Black, 1988) . However, applying emersion time to our model (condition index as a function of Chla concentration in the water) did not change the results: the effect of emersion seems negligible compared to the effect of the low phytoplankton concentration in the water of Arcachon Bay. A recent study on morphological patterns related to environmental variability at the scale of four French sites also revealed significant relationships with chlorophyll a concentrations even if the levels of Chla differed (Caill-Milly et al., 2014) .
Diseases
Diseases represent another possibility to explain R. philippinarum health deficit and
Arcachon lagoon appears at a hot spot with two dominant diseases, as already observed in -08 (de Montaudouin et al., 2010 . Whereas trematodiasis and brown ring disease (BRD)
were not considered in this study due to their scarcity (Dang et al., 2009a; Lassalle et al., 2007) , perkinsosis and brown muscle disease are at a high level of infection compared to other sites. Unfortunately, there are no available data correlating CI and Perkinsus concentration in R. philippinarum but there is evidence of a loss of fitness for these bivalves infected by P. olseni (Cigarría et al., 1997; Dang et al., 2013; Pretto et al., 2014; Shimokawa et al., 2010; Villalba et al., 2005; Waki et al., 2012; Yoshinaga et al., 2010) . In Arcachon lagoon, the parasite abundance in gill can overpass 10 5 cells.g fresh weight which is the suggested threshold to observe pathological effects (Dang et al., 2009a) . philippinarum in Arcachon Bay, both at Arguin and Arcachon lagoon, are in the same ranges of the sites known to be polluted such as Jiaozhou Bay, China and 7-11 times higher than in other contaminated sites of Cadiz Bay (Spain) (Riba López et al., 2010) or Venice lagoon (Moschino et al., 2012) . Manganese is a required trace element for all living organisms (enzyme cofactor) that however is rarely measured in R. philippinarum. In
Arcachon Bay, it is in the range of levels measured in Italy but about two fold lower than in Asian sites, Jiaozhou Bay (China) , and Kyeonggi Bay (Korea) . Like chromium, nickel is at a high level in Arcachon lagoon, with maximal concentrations in R. philippinarum almost as high as those observed in polluted area of Jiaozhou Bay (China) . Conversely, concentrations in sediment are rather low compared to this Chinese bay and other sites reviewed in the related study , and are below ERL guideline (Long et al., 1995) . Most mercury compounds are toxic and dangerous at very low levels in both aquatic and terrestrial ecosystems. Mercury is a persistent substance and bioaccumulates in living organisms like suspension-feeding bivalves.
The maximal concentrations range around 1.2 g.g -1 dw, which is a higher value than the maximal concentrations recorded in Cadiz Bay (Spain) (Riba López et al., 2010) , in North Médoc (France) (Baudrimont et al., 2005) or Venice lagoon (Italy) (Moschino et al., 2012) and slightly higher than the French National median for Mytilus edulis (1.1 µg.g -1 dw).
Total hemocyte count (THC)
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To assess apparent resistance of R. philippinarum in their environment many molecular and cellular biomarkers are available. However, the only one that could be compared among a Arcachon lagoon compared to those from other sites suggest a certain weakness to react to stress. In particular, our data show that clams from Arcachon lagoon display "low maxima" 2 to 6 fold lower as compared to other sites, reinforcing the idea that they would have low capacity to react against stressors including pathogens.
Conclusion
Difficulty to obtain really comparable data must be reminded to explain the heterogeneity of results. However, there is strong evidence that Asari clams from Arcachon lagoon display low condition index compared to all other sites and that a significant cause is the low values of Chla in plankton. Moreover, condition index and Chla concentrations are also relatively low at Arguin where disease and element contamination are at very low levels. Low Chla concentration values in the water column and poor R. philippinarum condition index may also rise the hypothesis that the carrying capacity for filter feeders in Arcachon Bay is reached.
High biomass of bivalves (mostly oysters Crassostrea gigas) has been recorded in Arcachon
Bay (Sanchez et al., 2013; Scourzic et al., 2011) Sci. Symp. 194, [92] [93] [94] [95] [96] M A N U S C R I P T A C C E P T E D and Korea (see Table 1 7, 8, 14, 15, 19, 30, 34 8, 19 8, 14, 16, 30 25, 44 France 5 19, 24, 29, 30, 34 1, 2, 13, 19, 20, 24, 45 6, 17, 26, 30, 45 3, 10, 22, 31, 32, 44 Arcachon ( 8-8.6 8.4-9.3 450.0-842.0 12.2-17.1 12.7-13.7 47.7-56.8 
